A novel aspartic proteinase is targeted to the secretory pathway and to the vacuole in the moss Physcomitrella patens In seed plants aspartic proteases (APs) are known to reside in storage vacuoles. Targeting to this compartment is provoked by a secretory signal peptide and the plant-specific insert (PSI). In order to study secretory and vacuolar targeting in a seedless plant, the moss Physcomitrella patens, we isolated a cDNA encoding PpAP1, a novel aspartic proteinase. Sequence alignment with other members of the family of plant APs (EC 3.4.23) revealed a high overall identity and the Pfam motifs for aspartic proteinase and PSI were clearly recognised. In phylogenetic analysis PpAP1 was placed at a very basal position outside of the bigger clusters. Protoplasts transiently expressing the PpAP1 signal peptide fused to GFP showed fluorescence in a well-developed ER-Golgi network. A C-terminal fusion of GFP to the entire PpAP1 protein showed vacuolar fluorescence in transiently transfected protoplasts. Therefore, the vacuole is apparently the in-vivo target for PpAP1. In this study the three-dimensional peculiarity of the endomembrane continuum of ER and Golgi was visualised in a seedless plant for the first time. Above all the functionality of the secretory and the vacuolar targeting signals make them become useful tools for biotechnological approaches.
Introduction
The sorting of proteins to different cell compartments is an essential process in all eukaryotes. The presence of additional organelles such as plastids or the vacuole in plant cells makes the targeting machinery even more complex than in animal cells. In higher plants, the majority of the sorting mechanisms are well studied nowadays. In seedless plants, in contrast, only little is known about protein sorting and the respective signals. Being situated at the basis of land plant evolution, the moss Physcomitrella patens offers a perfect model for the analysis of protein targeting in seedless plants. In recent studies the isolation and functionality of plastidal and mitochondrial signal peptides from Physcomitrella has been shown (Kiessling et al., 2000; Richter et al., 2002) . For biotechnological purposes we aimed to isolate secretory and vacuolar signals from the moss. As proteins from the family of plant aspartic proteases (plant APs) contain both signals, we decided to search for such an AP in Physcomitrella.
Genes for APs are found in eukaryotes, bacteria and some viruses. Like most proteinases, they are synthesised as inactive proproteins, also called zymogens. Common features of APs include an active-site cleft containing two catalytic aspartic acid residues, acidic pH optima for enzymatic activity and the presence of an inhibitory propeptide which is removed upon activation of the zymogen. Well-known representatives of the family are e.g. human pepsin (Fujinaga et al., 1995) and HIV-1 protease (Silva et al., 1996) . In plants the presence of APs has been shown for several species. Special attention has been paid to cardosins and cyprosin from the thistle Cynara cardunculus. Due to the fact that these proteinases are abundant in pistils and flowers, extracts of the dried plant are good milk clotting agents. In Portugal and western Spain they are used in the production of sheep milk cheese Frazao et al., 1999; White et al., 1999) . Other plant APs have been functionally described in seeds of cocoa (Voigt et al., 1997) , castor beans (Hiraiwa et al., 1997) , sunflowers (Park et al., 2000) , tomato leaves (Schaller and Ryan, 1996) and others.
Phytepsin from barley, which is probably the best-studied plant AP, was first extracted from resting grains (RunebergRoos et al., 1991 (RunebergRoos et al., , 1994 . Like all members of the plant AP family, it contains a secretory signal peptide and an additional domain of about 100 residues which is not present in APs from non-plant sources and is therefore called the plant-specific insert (PSI). To reach its intracellular destination, the vacuole, the nascent protein is cotranslationally inserted into the lumen of the ER. This process is mediated by its N-terminal hydrophobic signal peptide (Blobel et al., 1979) . For targeting the proprotein to the vacuole an additional signal is required to conduct it away from the bulk flow of the secretory pathway. It was shown that D-phytepsin, in which the PSI had been removed, failed to be sorted to the vacuole and was efficiently secreted. Therefore, the domain is assumed to contain the sorting information which is essential for the collection of the proprotein in trans-Golgi vesicles (Kervinen et al., 1999; Tormakangas et al., 2001) . These vesicles are subsequently transported to the vacuole where phytepsin is processed to its active two-chain form by removal of the PSI (Glathe et al., 1998) .
In order to study secretory and vacuolar targeting in the moss we isolated the full-length cDNA of PpAP1, a novel aspartic proteinase. We demonstrated that the primary structure of the moss AP is similar to that of APs from higher plants. In addition, we were able to visualise the three-dimensional peculiarity of a well-developed ER-Golgi network by fusion of the PpAP1 signal peptide to GFP. Fusion of the entire PpAP1 protein to the same reporter finally revealed the vacuole as invivo target for the novel proteinase. . Plants were sub-cultured in 7-day intervals. Bioreactor cultivation was performed as described previously (Hohe et al., 2002) .
Material and methods

Plant material and growth conditions
RNA isolation
RNA was extracted from ground plant material under liquid nitrogen as described recently (Bierfreund et al., 2003) .
RT-PCR
First strand synthesis was carried out with 500 ng of total RNA from wild-type protonema. SuperscriptII Reverse Transcriptase (Invitrogen GmbH, Karlsruhe, Germany) was used for first strand synthesis according to the manufacturer×s protocol. PCR reactions were performed according to standard procedures (Sambrook et al., 2001 ).
Sequence analysis
Sequences of proteins of the aspartic protease family (EC 3.4.23) were aligned with that of PpAP1 using ClustalW (Thompson et al., 1994) . Phytepsin (Hordeum vulgare) served as a structural template. TreeCon (Van de Peer and De Wachter, 1997) was used for constructing the neighbour-joining tree with Tajima and Nei correction taking into account all aligned positions (548 amino acids). Bootstrap analysis with 100 replicates was performed to test the significance of the nodes. Putative secretory signal sequences were analysed using the programme SignalP (Nielsen et al., 1997) .
Construction of targeting vectors
For PCR amplification of the coding sequence of the PpAP1 signal peptide from cDNA, the primers PL-f (5'-GTCGACATGGGGG-CATCGAGGAGTGTT-3') and PL-r (5'-AGATCTGCTTGCCT-CAGCTAAGGC-3') were deduced from a published EST (acc. no. BJ199022). The amplification product was directly cloned into the pCR4-TOPO vector (Invitrogen). Introduced Sal I and Bgl II restriction sites were used for subcloning the sequence into the corresponding sites of the GFP expression vector mAV4 (Kircher et al., 1999) . The resulting plasmid was named pSP-GFP.
For the construction of pSP-GFP-KDEL, amplification of GFP from mAV4 with the primers KDEL-f (5'-GAGCTCTTACAGCTCATCCT-TACCGGTACCTTTGTATAGTTCATCCATGC-3') and KDEL-r (5'-GATCTCCCGGGATGAGTAAA-3') led to the C-terminal fusion of the KDEL signal to the GFP-coding sequence. After cloning the PCR product into pCR4-TOPO the newly introduced restriction sites for Sma I and Sac I were used for replacing the original GFP of mAV4 by the newly generated GFP-KDEL.
The isolation of a putative AP homolog from Physcomitrella cDNA was performed by PCR with the primers PL-f and PhyR (5'-GGCTGCCTCGGCAAATCCTA-3'). The resulting PCR product was cloned into pCR4-TOPO. The PpAP1 cDNA was inserted into mAV4 via Xho I and Bgl II restriction sites which were introduced to the cDNA by a subsequent PCR reaction.
The plasmid pJL517 was used as a positive control for ER-targeted GFP. It carries the Hind III-Sac I fragment of pBIN m-gfp5-ER (Haseloff et al., 1997) inserted into pUC18.
Transfection of Physcomitrella protoplasts
The DNA for transfection was prepared with the Qiafilter Plasmid Maxi kit (Qiagen). Protoplasts (3 Â 10 5 ) were transiently transfected with 25 mg of circular plasmid DNA. Protoplasts were isolated from protonema grown in bioreactors. Isolation and regeneration of protoplasts in the absence of any antibiotic drug were carried out as described previously (Rother et al., 1994) .
Staining of acidic vacuoles with neutral red
Acidic vacuoles were stained with a 0.1% solution of neutral red (NR) in water. Protoplasts in 1.5 ml regeneration medium were centrifuged in an Eppendorf tube (500 rpm, 20 8C, 10 min). Approximately 1.4 ml of the supernatant were removed and discarded. Six ml of 0.1% NR were added directly to the protoplast suspension. The pH of the medium was adjusted by adding 1 ml 1 N NaOH. Protoplasts were observed after 5 min incubation.
Detection of GFP by CLSM and fluorescence microscopy
Localisation of GFP and its fusions was analysed in transfected protoplasts by confocal laser scanning microscopy (CLSM) (TCS 4D; Leica Microsystems, Heidelberg, Germany) using 488-nm excitation and two-channel measurement of emission from 510 ± 580 nm (green/ GFP) as well as 590 nm (red/chlorophyll). Cellular distribution of the PpAP1-GFP fusion protein was additionally visualised by fluorescence microscopy (Olympus BX41; filter U-M61002 and Zeiss Axioplan; filterset 09).
Results
Isolation of PpAP1 cDNA and sequence analysis TBLASTN searches with the amino acid sequence of barley phytepsin as query against Physcomitrella ESTs yielded several hits for both termini of the peptide sequence. Using this information primers were deduced to amplify the coding sequence of the putative AP from randomly transcribed Physcomitrella cDNA. Sequencing of the cloned PCR product revealed an open reading frame of 1512 bp. The deduced protein sequence of 504 amino acids shows a high degree of similarity to several plant APs (Fig. 1a) . The putative protein was termed PpAP1 (EMBL acc. no. AJ586914). To confirm the presence of characteristic domains and structural elements the sequence of PpAP1 was scanned for conserved domains using the Pfam database. Significant hits were found for the asp motif (E-value 9.9 Â E-175) and the two saposin-like type B domains (SapB 1, SapB 2; 4.5 Â E-16 and 8.1 Â E-16, respectively). The asp motif represents the conserved domains of eukaryotic aspartyl proteases including the two active sites which are also present in the moss sequence. The recognised SapB motifs mark the PSI which is known to be structurally related to saposins and has therefore been termed saposin-like domain in 
Phylogenetic analysis
Within the family of plant APs only few enzymes have been functionally characterised. In order to get evidence for a putative function of PpAP1 we aligned its peptide sequence to those of the characterised APs (Table 1 ) and calculated their phylogenetic distance. The resulting tree (Fig. 2 ) splits into three monophyletic clusters which were assigned the numbers 1 ± 3. Cluster 1 contains the proteinases from barley, rice and rape, which have been described to be involved in mobilisation of storage proteins and metabolic turnover (Asakura et al., 1995; D×Hondt et al., 1997; Glathe et al., 1998) . Cluster 2 includes all thistle APs. Within this group the Centaurea proteinase has been assigned a role in senescence of flowers (Domingos et al., 2000) . For cardosin A a function in pollen recognition or germination was proposed (Frazao et al., 1999) . Cluster 3 is built up by the Physcomitrella AP and a proteinase from tomato. The expression pattern of the latter was described to be regulated like that of systemic wound response proteins. Therefore, a role of the tomato AP in defence response was proposed (Schaller and Ryan, 1996) .
Intracellular localisation of signal peptide-GFP fusion proteins
To investigate the functionality of the predicted signal peptide of PpAP1 two different GFP fusion constructs were made. pSP-GFP contains the coding sequence for the 26 amino acids of the signal fused to the coding sequence for GFP (Fig. 3d) . In pSP-GFP-KDEL the ER-retention signal was added to the Cterminus of GFP (Fig. 3h) . pGFP (Fig. 3m) lacking a signal peptide served as a control. Protoplasts were transiently transfected with the different plasmids and GFP fluorescence was detected using confocal microscopy.
Protoplasts expressing GFP without any signal peptide showed fluorescence distributed in a diffuse manner all over the cytosol (Fig. 3i) . Once synthesised, part of the cytoplasmic GFP entered the nucleus which could therefore be detected as a filled globular structure (Fig. 3l) . The tendency to accumulate in the nucleus is characteristic for cytosolic GFP and has been described before (Haseloff et al., 1997) .
In contrast, cells transfected with pSP-GFP clearly showed GFP targeted to the endomembrane system forming a finely ramified network pervading the whole cell (Fig. 3a) . The peripheral section (Fig. 3b) demonstrates the close meshes of this network probably representing the cortical ER. Additional evidence for GFP being efficiently targeted to the ER is provided by the shape of the nucleus (Fig. 3c) . In contrast to the leader-less control, the reporter protein accumulated in the nuclear envelope whereas no fluorescence could be detected within the nucleus (Fig. 3c) .
Transfection with pSP-GFP-KDEL slightly changed the distribution pattern of GFP compared to pSP-GFP. The fluorescence pattern also resembled a network but ± compared with the non-retarded construct ± GFP accumulation in the nuclear envelope was more intense here. Additionally, areas of bright fluorescence both on the cell surface as well as in the inner cytosol were observed. Localisation of these areas at the branching points of the network suggest the retention of GFP within the endomembrane system (Fig. 3e ± g ).
As a positive control for ER-retained GFP, protoplasts were transformed with the plasmid pJL517 where GFP is targeted to the ER by the secretory leader peptide of Arabidopsis basic chitinase (Fig. 3o) . Efficient targeting of GFP to the ER network with this construct was shown recently (Haseloff et al., 1997) . In transformed Physcomitrella protoplasts GFP was targeted efficiently to the ER which appeared as the same network-like structures that were detected upon transformation with pSP-GFP and pSP-GFP-KDEL (Fig. 3n) .
Taken together these results clearly prove the functionality of the predicted secretory signal peptide of PpAP1.
Localisation of the PpAP1-GFP fusion protein
As most APs from higher plants are described to be targeted to the central vacuole by the PSI we aimed to study vacuolar targeting of PpAP1. For this reason, the GFP-coding sequence was fused to the 3'-end of the entire PpAP1-coding sequence. The resulting construct PpAP1-GFP (Fig. 4a) was used for transient transformation of Physcomitrella protoplasts. Seven days after the transformation GFP fluorescence could be observed. Fig. 4 b and 4e show fluorescence microscopic images of transiently transfected protoplasts. For comparison, differential interference contrast (DIC) images of the same protoplasts ( Fig. 4c and f) are shown. Figures 4d and g show protoplasts stained with NR which specifically accumulates in acidic vacuoles where it becomes protonated and therefore changes its colour to far-red. Comparison of the fluorescence microscopic and the DIC images reveals that the green fluorescence of the GFP marker is clearly localised within the contour of the vacuole which is visible in the DIC images (marked V). Additional evidence is provided by NR stains of the central vacuole. Figures 4d and g reveal that the big central compartment which encloses the GFP fluorescence can be specifically stained with NR. As there is no other acidic compartment of that size known in plant cells we conclude that the central acidic vacuole is the in-vivo target of PpAP1. In Figure 4h ± k confocal images of a protoplast expressing PpAP1-GFP are shown. In spite of faint fluorescence due to the low pH (for details see Discussion) GFP could again be detected within the vacuole. The three-dimensional reconstruction of the protoplast (Fig. 4k) localises the chloroplasts outside the green area of accumulated GFP. These findings corroborate the conclusion that PpAP1-GFP is in the vacuole, a comparably voluminous central compartment which presses all other organelles to a peripheral place near the plasmalemma. Therefore, the central vacuole can be assumed to be the target compartment of PpAP1 as it is for most of the described APs of higher plants. 
Discussion
Protein targeting to plant vacuoles is not a stereotypical process. It was shown to be dependent on a variety of different signals and their respective receptors. Not all of them have been fully characterised yet (for review see (Hadlington and Denecke, 2000; Neumann et al., 2003) ). In the case of plant APs several studies found the PSI to contain information that is essential for the vacuolar targeting of proteins (Kervinen et al., 1999; Tormakangas et al., 2001 ). The proposed targeting route for these proteins starts by cotranslational insertion of their precursors into the ER. This process is provoked by the presence of a hydrophobic N-terminal signal peptide (Walter and Blobel, 1981) . Once arrived in the ER, the signal peptide is cleaved off and the proproteins are collected in COPII vesicles that subsequently mediate the transport to the Golgi cisternae. After passing through the Golgi stack the proteins are sorted to distinct microdomains of the trans side. Here, they are packed in vesicles which then transport their cargo to the protein storage vacuoles. At this step, the PSI is assumed to interact with the membrane and to enable vacuolar sorting this way Kervinen et al., 1999) . However, it must be noted that other studies found barley phytepsin to reside in both, the protein storage vacuole and the lytic vacuole (Paris et al., 1996) . This finding would require a different targeting mechanism for the lytic compartment.
With the aim of studying secretory and vacuolar targeting in the moss Physcomitrella patens, we isolated a cDNA showing a high degree of identity to all other plant aspartic proteinases. The characteristic domains of aspartic proteinases including active sites and the plant-specific saposin-like domain are present (Pfam motifs).
As in-silico analyses of the Physcomitrella sequence predicted the presence of an N-terminal signal peptide, we fused it to GFP in order to trace the secretory pathway in a bryophyte. The results obtained by confocal microscopy visualise a welldeveloped endomembrane network comparable to that of higher plants (Boevink et al., 1998) . The observation that SP-GFP clearly accumulates in the nuclear membrane but does neither appear in the nucleoplasm nor in the cytosol additionally proves functionality of the PpAp1 signal peptide.
Addition of the ER-retention signal KDEL (Munro and Pelham, 1987) to the C-terminus of the SP-GFP fusion protein slightly changed the fluorescence pattern of transfected protoplasts. Larger areas of fluorescence at the branching points of the network suggest an accumulation of the reporter within the ER. Nevertheless, structures originating from the nuclear envelope branching out in the cytosol combined with a GFP accumulation in the envelope itself indicate an efficient secretory targeting of the reporter fusion in all observed cases.
In addition to the secretory signal, the presence of the plantspecific insert could be shown in sequence analyses. As previously discussed, this domain is thought to contain vacuolar sorting information. In order to prove the presence of this signal in the moss AP and to reveal its in-vivo target, we fused GFP to the C-terminus of the entire PpAP1 protein. A general problem of GFP as an in-vivo marker is the sensitivity of its fluorescence properties to pH conditions. For the S65T variant which was used in this study it was reported that fluorescence decreases to about one tenth when pH drops from 7.5 to 5.0 (Kneen et al., 1998) . As plant vacuoles have a pH of around 5 to 6 (Swanson et al., 1998; Buchanan et al., 2000) we expected a much weaker fluorescence in case of the PpAP1 fusion being located to the central vacuole. Nonetheless, GFP accumulation in this compartment could be detected by confocal microscopy and light microscopy which was strengthened by NR staining that is specific for the central vacuole. These findings together with the in silico predicted PSI demonstrate that PpAP1 is targeted to the vacuole.
To get an idea of a putative function of PpAP1, we calculated phylogenetic distances of the protein to a set of functionally described plant APs. In the resulting tree three monophyletic clusters are delimited with rather good bootstrap support. Cluster 3 is built up of the moss AP and an aspartic proteinase from tomato which has been proposed to be functionally involved in systemic wound response. However, this proposal was not based on biochemical experiments but on expression data (Schaller and Ryan, 1996) . On account of this and due to the fact that physiological roles of plant APs seem to be diverse and have not been fully investigated yet, we cannot conclude a functional role for PpAP1 from the phylogenetic data.
Taken together, our results demonstrate presence and functionality of the two signals required for secretory and vacuolar sorting within the sequence of PpAP1 as they have been described for APs of higher plants. It can therefore be assumed that both targeting mechanisms are similar in seedless plants and in seed plants and have probably evolved as early as the occurrence of land plants.
In addition to this, the results provide valuable tools for the use of Physcomitrella in biotechnological approaches. One prerequisite for the production of heterologous proteins is the availability of a set of targeting signals. The fusion of such signals enables the accumulation of the produced protein in distinct cell compartments or in the extracellular space and thereby facilitates their downstream processing. PpAP1 provides two of those sequences allowing secretory and vacuolar targeting.
